Models of ageing predict that sperm function and fertility should decline with age as sperm are exposed to free radical damage and mutation accumulation. However, theory also suggests that mating with older males should be beneficial for females because survival to old age is a demonstration of a male's high genetic and/or phenotypic quality. Consequently, declines in sperm fitness may be offset by indirect fitness benefits exhibited in offspring. While numerous studies have investigated age-based declines in male fertility, none has taken the integrated approach of studying age-based effects on both male fertility and offspring fitness. Here, using a cohort-based longitudinal study of zebrafish (Danio rerio), we report a decline in male mating success and fertility with male age but also compensating indirect benefits. Using in vitro fertilization, we show that offspring from older males exhibit superior early survival compared to those from their youngest counterparts. These findings suggest that the high offspring fitness observed for the subset of males that survive to an old age (approx. 51% in this study) may represent compensating benefits for declining fertility with age, thus challenging widely held views about the fitness costs of mating with older males.
Introduction
Numerous studies have investigated age-related declines in male fertility [1] in both invertebrates [2] [3] [4] and vertebrates [5] [6] [7] . Despite some conflicting evidence [1, 8] , it is now generally accepted that increasing age negatively affects sperm function [1, [9] [10] [11] [12] and pregnancy outcomes in humans [9, 10] . However, the data for non-human animal systems are more ambiguous-sperm quality (e.g. velocity, motility, viability) and quantity (e.g. volume, concentration) have been found to decline with age in some species [5, 6, [13] [14] [15] [16] , remain unchanged in others [17, 18] and even increase with age in rare cases [19] . Similarly, advanced male age has been linked to reduced mating success, male competitive ability and fertilization rates in some species [5, [20] [21] [22] , but not in others [17, [22] [23] [24] [25] [26] (see [8] for a review).
In contrast with the abundant studies of male age on male fertility, fewer studies focus on the effects of male age on offspring fitness [8] . Yet any direct reproductive costs associated with male age, largely manifested through agerelated declines in sperm fitness (i.e. sperm quality, fertilization success, zygote success [27] ), may be offset to some extent by the benefits of mating with high-quality males with enhanced survival prospects (e.g. 'good genes' effects [27, 28] ). According to this view, males that survive to an advanced age might be in particularly good condition and genetically predisposed for longevity [29, 30] (but see [31] ). Thus, theory suggests that mating with older males can be beneficial because old age is a demonstration of a male's high genetic and/or phenotypic quality [28, 32] . Alternatively, potential good-genes advantages may & 2018 The Author(s) Published by the Royal Society. All rights reserved.
be reversed by the accumulation of deleterious mutations or other factors of sperm senescence that accumulate in the male germ line with age [27, 33] , resulting in lower offspring fitness [27] . In line with these two alternative theories, some studies have reported increased fitness of offspring sired by older males [34] , other studies report no age-based benefits [21, 35] and others find evidence for reduced offspring fitness with increasing male age [25, 32, 36, 37] .
The majority of the aforementioned studies have been conducted with internally fertilizing species, where male age is often correlated with direct benefits (e.g. resources or paternal care; [38, 39] ). By contrast, few studies have investigated the effects of male age on fertility and offspring fitness in externally fertilizing species, particularly in those where males provide no benefits to females other than their genes [39] [40] [41] [42] . Here, we experimentally assess age-related changes in male fertility and offspring fitness in the zebrafish, Danio rerio. Zebrafish are a model for research into ageing [43] [44] [45] [46] [47] , and exhibit characteristic signatures of senescence, including fading of pigments, spinal curvature and development of testicular sinomas with advanced age [45] . Laboratory zebrafish have an average lifespan of 42 months, with survival remaining steady through approximately 22 months, declining gradually to 32 months, after which mortality increases rapidly [46] . By contrast, we know comparatively little about how age influences reproductive lifespan, although husbandry guidelines recommend that breeding fish should be between 7 and 18 months of age for maximum embryo production [48] , with others recommending anecdotally that maximal reproductive potential occurs between 6 and 12 months [49] .
In this study, we use both a cross-sectional and cohort-based longitudinal design to provide a comprehensive investigation into the consequences of male ageing for direct and indirect components of fitness. Specifically, we investigate the impact of male age on mating success, components of fertility (sperm production, sperm concentration, sperm swimming velocity and sperm motility) and offspring fitness (early embryonic development, hatching and survival). Our design improves on many previous studies by controlling for three potentially confounding factors. First, by repeatedly sampling tanks of fish, we are able to assess how male fertility alters over time, in contrast with many previous studies which have assigned discrete age classes that may potentially conceal some agerelated patterns due to increased variability associated with genetic and/or environmental effects [8] . Second, our analyses control for female age, which is known to be an important predictor of fertility [50] , and both reproductive status and mating preferences [51] [52] [53] . In this way we separate the effects of male ageing on fitness outcomes from those attributable to female ageing [27] . Third, we use in vitro fertilizations, meaning that males can only influence offspring quality via their gametes, eliminating any aspect of pre-or post-copulatory selection (e.g. preference, cryptic female choice) or maternal effects (including differential maternal allocation). Together, these approaches enable a thorough investigation of the effects of male age on fertility and offspring fitness.
Material and methods (a) Zebrafish husbandry
All fish were housed in the Otago Zebrafish Facility in 3.8 l tanks on a Techniplast ZebTECH zebrafish housing system (see electronic supplementary material for additional husbandry details). Tanks were checked daily for mortalities and any fish that showed signs of ill health were removed from the tank and euthanized following an Otago Animal Ethics protocol 48/11.
(b) Experimental overview
In January 2012, eight pairs of zebrafish from the AB wild-type line (see electronic supplementary material) were bred and their offspring reared under controlled conditions through to approximately 4 months (3.8 + 0.02 s.e. months; range, 3.7-3.9). Males were screened (see electronic supplementary material) and 45 males that produced ejaculates were haphazardly allocated into experimental tanks (n ¼ 3 tanks, 15 fish per tank). Note that only males that produced sperm were selected as size or age alone are not satisfactory methods for defining maturation [54] . At 3-month intervals thereafter (through to 31 months, August 2015), we collected ejaculates from males to assess sperm swimming parameters using computer-assisted sperm analysis (CASA) [55, 56] and conducted in vitro fertilizations (IVF) [48, 57, 58] to assess offspring fitness, using 8-to 9-month-old AB/PS females (line details in electronic supplementary material). Males were set up with females monthly in between tri-monthly sampling points to assess mating success (see below). Overall, data on male survival, male fertility and offspring fitness (early embryo development and hatching) were collected over 10 time points (nine time points for sperm counts; see below), mating success assessed at 18 time points and offspring survival assessed at two time points (the start and end of the experiment). See electronic supplementary material, figure S1 for an illustration of the sampling design.
At the time of sampling 4-month-old males for the longitudinal design, we sampled additional 4-month-old males (n ¼ 73 males total) and also sampled a number of AB males aged greater than 24 months (n ¼ 25; mean age ¼ 24.7 + 0.7 months; range, 20.7-29.4 months) to undertake a cross-sectional analysis of sperm function as an initial exploration of age-related effects on sperm function and early offspring fitness.
(c) Data collection (i) Mating success
Matings were conducted by pairing single males individually with AB/PS females (aged 5 to 7 months) in breeding boxes (187 Â 114 Â 88 mm). Matings were scored as successful if the pair produced embryos (zebrafish are synchronous spawners [59] and breeding boxes contain a breeding insert that allows eggs to fall to the bottom of the tank).
(ii) Male fertility At each of the tri-monthly sampling points, we measured sperm production as a binary variable (whether the male produced ejaculates or not) and estimated ejaculate volume, ranging from less than 1 ml to 4 ml maximum, approximately by eye. The total length of fish (centimetres) was measured (age 16-31 months only) and fish were returned to their tanks to recover.
Sperm parameters for haphazardly chosen males per replicate tank (6 -10 males per tank for 4-month-old males, up to 5 males per tank thereafter) were estimated using CASA [55, 56] via a 10Â negative phase objective linked to a computerized sperm analyser (CEROS, Hamilton Thorne, USA; see electronic supplementary material for specific capture details). Sperm parameters were measured twice for each sample using Leja 20 mM two-chamber slides, and included curvilinear velocity (VCL; the actual velocity along the sperm's trajectory) and percentage motility (MOT). Sperm swimming speed has been shown to be the best predictor of fertilization success in externally fertilizing fishes [60] , and VCL is the most widely reported measure of rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172174 sperm swimming speed in fishes [61] . We also report sperm motility (the proportion of motile sperm in the sample) for the purposes of comparison, as this variable is often reported in the absence of any velocity data. Other measures of sperm velocity (VAP and VSL), and measures of progressive motility, straightness and linearity, were also captured, but are not presented here. Note that VCL was highly correlated with both VSL (r ¼ 0. . We also note that zebrafish sperm have no significant change in path curvature (linearity) over time post activation [61] . Sperm concentrations (sperm ml
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) were calculated using an improved Neubauer haemacytometer, but counts from 4-month-old males were excluded, due to technical issues with sample preparation.
(iii) Offspring fitness
Ejaculates from up to five males per replicate tank were further diluted (1 : 10 with ZSI) and used to fertilize the eggs of eightto 9-month-old AB/PS females [62] at each time point, following modification of IVF protocols [48] that are detailed in the electronic supplementary material. IVFs were conducted in triplicate (n ¼ 3 per maleÂfemale cross, 32.4 + 0.27 eggs per replicate). Early fertilization (within 4 -6 h) was not recorded in the current study, thus our results better reflect the reproductive success of males as determined by embryo survival to 24 h post fertilization (24 hpf; scored as developing versus dead; i.e. embryos were black) and to 5 days post fertilization (5 dpf; scored as hatched versus unhatched; i.e. hatched from the chorion). We also measured survival to 15 days post-fertilization (15 dpf ) at the first time point (age 4 months) and the final time point (31 months), and note that early mortality generally plateaus at 15 dpf [63] ; so 15 dpf is often measured for early offspring survival and offspring that survive to 15 days generally survive to adulthood (S.L.J. 2011, personal observation).
(iv) Cross-sectional design
Measures of sperm parameters, developmental success and offspring survival were collected as described above. As these fish were randomly sampled from our broodstock, we did not have information about their individual mating status.
(d) Statistical analyses
All analyses were conducted using R v. 3.2.2 (R Core Development Team 2015) and the lme4 package for mixed model analyses. The effects of age on sperm concentration, sperm swimming speed and sperm motility were evaluated using linear mixed-effects models with maximum-likelihood error structure, implemented using the lmer function [64] . To achieve normality, a log transformation was applied to sperm concentration and a logit transformation applied to the motility data. Male survival, mating success and offspring fitness traits are all binomial data (see electronic supplementary material, table S1 for binomial vector specifications), so the effects of age were evaluated using generalized linear mixed-effect models with logit-link function and binomial error structure, implemented using the glmer function [64] . All binomial models included an additive dispersion parameter as a random factor [65] . Sperm production was coded as a binary variable, and the effects of age were evaluated using a generalized linear model, with logit-link function and binomial error structure, using the glm function [64] .
For the models outlined above, age was centred [66] , and age and age 2 were fitted as fixed effects, to test for linear and curvilinear (e.g. patterns of initial increases, followed by declines) effects of age on traits [5, 16, 36] . The fish were housed in the same three replicate tanks throughout the study, hence tank ID was included as a random factor. Male ID was included as a random factor in models involving replicate measures, such as CASA data where we obtained replicate measures for each sample and early progeny fitness data (early offspring development and hatching success) as IVFs were conducted in triplicate. Because the progeny survival analysis only included two time points, age was treated as a categorical factor, and was the only fixed effect in the model.
For the cross-sectional analysis, the effect of age on sperm traits and progeny success was evaluated as described above except that age was the only fixed effect in the cross-sectional models (i.e. 4-month-old males had not yet been allocated into cohorts and the mating status of old males was unknown as random individuals from existing laboratory stock were assayed). Random factors included male ID and an additive dispersion parameter for models with binomial vectors.
For all models, confidence intervals were estimated using the 'confit' function. Results are presented as parameter estimates and 95% confidence intervals (95% CIs not spanning zero are statistically significant).
Additional analysis details are included in the supplement, including sample sizes (number of males assessed per trait per time point; electronic supplementary material, tables S2 and S3), a multinomial logistic regression used to generate predictions for how semen volume alters with age (as semen volume was coded as a four-level categorical variable; electronic supplementary material, figure S2) , and a sensitivity analysis where we include male rank as a random effect to account for the potential effect of pseudo-replication (as males were repeatedly sampled but not individually tagged) in our longitudinal study.
Results
For all cohort-based longitudinal models discussed below, full model output, including test statistics and p-values, are presented in electronic supplementary material, data (figure 1g) . By contrast, embryo hatching at day 5 was not affected by age (figure 1h), with hatching rates remaining close to 100% throughout the study (except at 25 months, where they dropped to approximately 85%; see electronic supplementary material for discussion). Finally, the proportion of AB cohort progeny surviving from 24 hpf to 15 dpf was significantly higher when the male cohorts were 31 months old (0.83 + 0.05), compared with when the male cohorts were 4 months old (0. 49 figure 3d ).
Discussion
Our results reveal how ageing affects both male fertility and early offspring fitness in the zebrafish (Danio rerio). Older males were significantly less likely to mate when paired with females. Likewise, we identified a significant decline in sperm production, sperm swimming speed and total 4 7 10 13 16 19 22 25 28 4 7 10 13 16 19 22 25 28 31 31 7 10 13 16 19 22 25 28 
See electronic supplementary material, table S2 for exact numbers of males sampled at each sampling point.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172174 sperm motility as males aged. By contrast, sperm concentration tended to increase with male age, at least initially, but then declined in later months (age 25þ months). We also found that paternal ageing tended to reduce early embryo development. Yet, despite a decline in reproductive performance and signs of senescence in the older fish, we found that older males continued to produce offspring with high hatching rates. More importantly, 31-month-old males produced offspring with very high survival to 15 dpf (a component of early offspring fitness [63] ), representing a significant offset to any direct fertility costs associated with mating with old males. In our cross-sectional analysis, comparing 4-versus 24-month-oldþ males, we observed the same patterns as in our cohort-based longitudinal design-significant declines in sperm swimming speed, sperm motility and offspring fitness, but significantly higher early offspring survival in the old males (see electronic supplementary material, figure  S4 ), providing further support for our findings. The longitudinal tracking of cohorts of males permitted analysis of quadratic effects in our models, demonstrating that declines in fertility across a male's lifetime are not simply linear, as observed in other longitudinal studies [5, 16, 36] and crosssectional studies that include multiple time points [4, 67] . While some aspects of sperm quality declined early in life, or started off lower and increased initially, declines were evident after 22-25 months in all traits measured. Declines in male mating success with increase in male age were further emphasized when, in the later months of the longitudinal study, the females from unsuccessful pairings were subsequently paired with younger males (7 to 10 months) and these females generally bred successfully with the younger males (S.L.J. 2014, personal observation), despite female preference for larger males [68] (but see also [69] ). The trends towards lower mating success in the youngest males could be due to their smaller size (hence active discrimination against these smaller males), or it could be that the youngest males do not know how to court females. Moreover, the younger males also had offspring with reduced development, compared with 10-month-old males, and we observed very low survival rates in the 4-month-old male cohorts. Zebrafish generally reach sexual maturity by 90 days, though this will be dependent on a number of factors, including rearing densities [70, 71] . All of our 4-month-old males produced sperm, thus they were sexually mature. Regardless of the underlying cause, male zebrafish aged 4 months suffered reduced early offspring fitness, so caution should be used when using very young males in experiments. It is intriguing that early offspring fitness was so high for older males (both in the longitudinal and cross-sectional designs), given their otherwise apparent decline in reproductive performance. A possible explanation for this is that the males assayed in the later time points of our longitudinal study and the old males in our prior cross-sectional cohort were from a subset of males that both survived to an older age and continued to produce ejaculates, thus possibly representing select males with good genes [8, 28] . Along these lines, while approximately 80% of surviving males continued to produce sperm at 31 months, only 50% of the original males survived to 31 months, hence, overall, only 40% (+6.7) of males both survived and continued to produce sperm. Variance in VCL was indeed higher in 4-month-old males than in 31-monthold males (F 57,22 ¼ 4.37, p , 0.001; figure 1e), though there was no significant difference in variance in sperm concentration or percentage motile sperm (p . 0.05). Alternatively, it is possible that some level of sperm selection is at work, such that only high-quality sperm from the older male's ejaculates were able to successfully fertilize eggs that developed beyond 24 hpf. Recent work in zebrafish highlights that selection on phenotypic variation among fertile sperm affects offspring fitness, with longer-lived sperm siring embryos with increased survival [72] . While other studies have observed high offspring fitness for matings with older males [34, 35, 73, 74] , associated sperm quality parameters are not available for comparison. While good-genes effects have been well described in many systems, the literature abounds with conflicting findings (see [8, 28] for reviews). For example, a recent study in bustards has documented that paternal ageing reduces offspring fitness, and suggested that these declines are due to germ-line DNA damage [36] . Overall, selection based on age (differential survival of high-and low-quality males) and selection within the ejaculate (e.g. differential representation of high and poor sperm in ejaculates from older males) are each likely to have quite different evolutionary implications. We clearly require further work to differentiate between these potential mechanisms in order to explore these implications further.
Kanuga et al. [20] , the only other group to investigate the effect of ageing on sperm quality in zebrafish, found that mating success was lower in older males than younger males. They also observed lower percentages of fertilized eggs and live embryos in matings from older males, though the differences were non-significant. By contrast, these researchers found that sperm velocity and motility did not differ between young and old males, whereas sperm concentration was increased in older males. Kanuga et al. [20] used a cross-sectional design with very broad age classes (e.g. young cohort included fish up to 16.5 months of age), small sample sizes, natural mating trials instead of IVF and old females, so these factors probably explain some of the differences in our findings. We argue that our cohort-based longitudinal design rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172174 offers a more accurate reflection of the relationship between sperm quality parameters and age in zebrafish. The mechanisms responsible for age-dependent patterns of decline in sperm fitness are not fully understood, but damage by reactive oxygen species (ROS) may play an important role [27, 75] . Sperm have limited antioxidant defences that are easily overwhelmed by excessive ROS, inducing oxidative stress damage, with resulting damage to the DNA of the nucleus and mitochondria [75] [76] [77] [78] . Increased ROS are correlated with decreased sperm performance [79, 80] and loss of fertilization efficiency [81] . Increased ROS levels are also correlated positively with increases in nuclear DNA fragmentation [75 -78] , mtDNA point mutation [82 -84] and possibly mtDNA content [85, 86] , which in turn are linked with heightened sperm dysfunction and abnormality [75 -78,83] . Analysis of how sperm performance and offspring fitness correlate with such measures of sperm function is needed. Further analysis of the sperm proteome would be useful, as a recent study in fowl shows that old males that retain high sperm velocity have distinct proteome characteristics [87] , though males would need to be pooled due to the low semen volumes produced by zebrafish.
Future work should determine whether the age-related declines in fertility traits reported here are also exhibited when sperm compete to fertilize eggs. Males must often compete for reproductive opportunities and if an older male's sperm function is reduced, then older males should be less successful under conditions of sperm competition [88] . Indeed, sperm swimming speed has been shown to positively correlate with competitive fertilization success in both birds [89] and fishes [17, 60] . Support for this prediction has been reported in fowl [5] , but sperm competition success did not correlate with male age in the guppy, even though sperm swimming speed tends to decline with age [17] . Additional studies investigating whether older males are less reproductively competitive than younger males, and how competitive fertilization success relates to sperm traits and offspring fitness, are needed.
In conclusion, our cohort-based longitudinal study demonstrates that older males have offspring with high fitness (early survival to 15 dpf ), despite declines in sperm performance and mating success. Our cross-sectional study further provides support for these findings. The fact that early offspring fitness remains high with old age suggests that the genetic quality of the spermatozoa is not being compromised, which is in contrast with findings in the human literature [1, 9, 78, 90] . A further possibility is that older males may deliver good genes. Either way, our findings suggest that improvements in offspring fitness may compensate for declining fertility in older males [8, 28] . Future work investigating male reproductive success under competitive scenarios and investigation of longer-term offspring fitness rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172174 are needed. We hope our work will stimulate research that identifies the mechanisms underlying the age-based decline in sperm performance, as well as those underlying the effects of male ageing on offspring fitness.
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